We present the results of experiments studying droplet coalescence in a dense layer of emulsion droplets using microfluidic circuits. The microfluidic structure allows direct observation of shear-induced collisions and coalescence events between oil droplets dispersed in water. A mineral oil was chosen as the dispersed phase and a 9 wt% NaCl aqueous solution as the continuous phase. We determine the coalescence rate as a function of the droplet velocity and droplet concentration from image sequences measured with a high-speed camera. A trajectory analysis of colliding droplet pairs allows evaluation of the film drainage profile and coalescence time t c . From the coalescence times obtained for ten thousands of droplet pairs we calculate the coalescence time distributions for each set of experimental parameters, which are the mean droplet approach velocity v 0 and the mean dispersed phase fraction φ . We discuss the potential of the procedure for the prediction of emulsion stability in industrial applications.
Introduction
The control of emulsion stability is an important issue in many industrial applications. Our motivation is rooted in the field of crude-oil/water separation which is a key processing step in oil production. In this application, a common way to separate the liquid mixture is by using mechanical devices [1] , like gravity settlers, centrifugal separators such as hydrocyclones or in-line swirl elements [2] . A criterion for the successful operation of these separators is that the demulsification time of the oil/water mixture must be smaller than the residence time of the fluids in the separator. To recover pure oil and water phases, coalescence between emulsion droplets needs to take place; this coalescence time will depend on the nature of the flow as well as the presence of emulsifying agents. To assess the feasibility of a device to separate a crudeoil/water mixture, the kinetic parameters governing coalescence must be known. This becomes especially important in view of Enhanced Oil Recovery methods that use surfactants, which may lead to the formation of stable emulsions. As the separation typically is performed on the oil rig, a fast and robust method to assess crude-oil/water emulsion stability using lab-scale experiments would be useful, which may aid in separator design for a given produced fluid.
A large number of theoretical and experimental studies on droplet coalescence have been performed until now. Generally, the physical processes determining coalescence are well understood [3, 4] , but difficult to model, as the solution of the involved equations, such as the Navier-Stokes equations to describe the drainage of continuous phase between the droplets, is only possible numerically [5] . The presence of surfactants causes additional complications due to the introduction of colloidal forces [6] and modification of the interfacial rheology [7] . For these reasons, simplified models are often used [8, 9] , which provide the necessary accuracy to reliably predict coalescence only for chemically simple systems, and if the droplet deformation during film drainage is not significant.
Extensive experimental studies on coalescence between isolated droplet pairs colliding in simple shear flow have been performed. The influence of collision geometry [10] , viscosity ratio of the liquids [11] and the flow field [12] on the droplet trajectories and coalescence probability was studied. As these methods typically use light microscopy to study droplet interactions, density-matched liquids are employed to avoid movement of droplets out of the focal plane due to buoyancy. In doing this, the choice of liquids is limited to very specific model systems. An experimental route to study coalescence in dilute emulsions is to optically measure the evolution of the droplet size distribution of a sheared emulsion in a rheometer. Both ex-situ [13] and in-situ [14] droplet size measurements have been reported. In the work of Korobko et al. [14] , a mean coalescence probability was evaluated from the temporal evolution of the droplet size distribution.
The rate r i j of coalescence between droplets of volume V i and V j can be expressed as [15] :
In eq. (1), Θ i j and p i j are the collision frequency and coalescence probability; t i j and τ i j are the mean coalescence time and the mean contact time between the two droplets for a given flow and fluid properties. Θ i j can be calculated from Θ i j = n i n j σ i j ∆v i j , where n i and n j are the concentrations of the droplets, σ i j is the collision cross section, and ∆v i j is a characteristic velocity difference between the droplets. From an application point of view, it would be ideal being able to directly measure r i j for a given experimental condition, or to measure Θ i j , t i j and τ i j independently. Further, the set of r i j measured for a given flow condition and fluid properties may be used as an input parameter in the coalescence rate equations of population balance equation (PBE) models [16] . The PBE are used in multiphase Computational Fluid Dynamics methods to describe the evolution of droplet size distributions in fluid-liquid flows [17] .
In this article, we present the results of a microfluidic analysis on droplet coalescence in a dense two-dimensional oil-in-water emulsion without added surfactant. We monitor the interactions in an ensemble of droplets in a collision chamber. We perform a detailed evaluation of the droplet interactions in the microchannel and analyze the trajectories of colliding droplets which allows to calculate the coalescence rates for different flow conditions. Further, we obtain the individual coalescence times for droplet pairs as a function of the initial film drainage velocity of the droplets. From this data, we are able to calculate coalescence time distributions for each set of experimental parameters. We will discuss the potential of the method as a predictive tool for crude-oil/water demulsification kinetics.
Experimental section

Chemicals
The physical properties of the mineral oil at 293 K are density ρ = 869 kg m −3 and viscosity η = 20.1 mPa s. The aqueous phase was a 9 wt. % solution of NaCl in water (at 293 K: ρ = 1063 kg m −3 , η = 1.18 mPa s). Purified water obtained from a Millipore Milli-Q system (ZMQS 50001) and sodium chloride (ACS reagent, ≥ 99%, Sigma Aldrich) were used to prepare the solution. All liquids were degassed before use. The interfacial tension of the oil/brine interface at 293 K was measured to be 11 mN m −1 .
Microfluidic experiments
Custom-designed microfluidic circuits were purchased from Micronit B.V., The Netherlands. The microchips are made from glass and have a rectangular crosssection. Figure 1 displays the layout of the chip. All channels have a depth of 45 µm. The width of the channels is 100 µm, except for the channel in the center of the chip, where the droplets collide. This collision channel has a width of 500 µm and a length of 5 mm. The chip contains four inlet and two outlet sections. For droplet creation T-junctions are used, where the continuous (flow rate q c ) and dispersed phase channels (q d ) intersect. By controlling the flow rate ratio q c /q d , the droplet volume and frequency can be controlled for a given T-junction geometry [18, 19] . After formation, the droplets then enter a wider channel, where they undergo collisions and coalesce. In this collision channel the droplets are not spherical, but take on a flattened, disk-like shape. The effective hydraulic diameter d h of a droplet is given by d h = 4A/P, where A and P are the cross sectional area and the perimeter of the droplet. For a disk-shaped droplet, we obtain denote the inlet sections of the continuous and dispersed phases; q out,1 and q out,2 denote the outlet sections for the liquids. The channels have a uniform depth of 45 µm, the width of all channels is 100 µm, except for the wider channel in the center of the chip. The width of this channel is 0.5 mm, and the length 5 mm. Before each experiment, the microfluidic chips underwent a cleaning procedure to ensure the hydrophilicity of the channels. First, the channels were filled with an alkaline cleaning solution (Decon 90, Decon Laboratories Ltd.), sonicated for 15 minutes, and afterwards flushed with water. The chips were then blown dry and baked out in an oven for 3 h at 600 • C. Finally, the chips were subjected to an oxygen plasma for 10 minutes (Zepto B Plasma Cleaner, Diener Electronic GmbH).
The microfluidic chips are mounted on a chip holder (4515 Nanoport, Micronit B.V., The Netherlands). The inlet sections of the chips are connected to silica capillary tubing (Grace Altech, inner diameter 150 µm). The liquids are dosed using syringe pumps (NE 1000, New Era Pump Systems, Inc.). The flow rates of dispersed phase q d at the two different inlets of the dispersed phase were always kept equal, as were the flow rates of continuous phase q c . This was done to assure identical droplet volumes and formation rates obtained from both T-junctions. The two outlet sections have the same hydraulic resistance. To change the flow rate ratio q out,1 /q out,2 of the outlet sections, and thus the flow rate ratio in the upper and lower part of the collision channel, capillary tubings of different length (inner diameter 50 µm) were attached to the outlet sections.
The droplet interactions in the collision channel are monitored using a microscope (Axiovert 200 MAT, Carl Zeiss GmbH, 2.5× magnification) and a camera (HS4, IDT Inc.). The frame rate of the recorded movies was 10000 s −1 . Sequences of images were recorded from one half-section of the collision channel, thereby sampling an area of 0.5×2 mm 2 . Experimental parameters were the continuous and dispersed phase flow rates, q c and q d , as well as the outlet flow rates q out,1 and q out,2 . By varying these parameters, the mean drop velocity in the collision chamber v d and the dispersed volume fraction φ can be controlled independently from each other. µm in this example) dispersed in the aqueous phase enter the chamber from two inlets, where they collide and coalesce. The total fluid flow rate in the collision channel is 60 µl min −1 . y s and y e denote the start and end y-coordinate for the evaluation of coalescence events in the chamber. The red dotted rectangle encloses a droplet that was formed through coalescence between the displayed and the previous frame.
experimental parameters was 0. 
Results and discussion
Figure 2 displays a snapshot of the collision channel during an experiment as an example. Monodisperse oil droplets with d d ≈ 97 µm enter the channel from two inlets and then move into the wider channel were they undergo collisions. The flow rate q out in each section of the collision channel in this example is q out ≈ 60 µl min −1 . The flow rate ratio is q d /q c ≈ 0.15, but the dispersed phase fraction φ in the collision channel is φ ≈ 0.29. This difference is caused by the fact that the disk-shaped droplets in the collision channel will experience a larger drag due to contact with the wall and will thus move significantly slower than the continuous phase. Due to this effect, there will be a holdup of droplets in the collision channel. The mean droplet size increases as the droplets move downstream in the collision channel. This growth in droplet size is caused by coalescence between colliding droplets, which will lead to droplet sizes in the channel ranging from the original volume of a droplet V 1 entering the chamber, to a droplet volume of V i = iV 1 , where i − 1 indicates the number of coalescence events that led to the formation of the droplet. The collisions are caused by differences in droplet velocity, which originate from local differences in hydraulic resistance caused by the presence of neighboring drops, and from the velocity profile that exists in laminar channel flow.
Evaluation of the coalescence rate
Counting the number of coalescence events permits to calculate the coalescence rate r i j . We define r i j for a combination of droplets of volume V i and V j as r i j = n c,i j /A c t exp , where n c,i j is the number of coalescence events between droplets i and j, A c is the area of the collision channel, and t exp the experiment time. The procedure to determine r i j from the image sequences is described elsewhere [20] . Only coalescence events occurring between the y-coordinates y s and y e were counted (see Figure 2) . r 11 is shown in Figure 3A as a function of the mean dispersed phase flux φ v y in the collision channel. φ denotes the mean dispersed phase volume fraction and v y the mean y-component of the droplet velocity in the collision channel. The mean hydraulic diameter of the droplets was (58 ± 4.7) µm. The scatter of the data points is significant, this is caused by the relatively small number of droplets passing through the chamber in 2 s, which ranged from 200-5000, depending on the flow rate. The r i j for i ≥ 1 and j > 1 are not shown. r 12 was on average approximately one order of magnitude smaller than r 11 and all other r i j were on average zero.
The measured dependence r 11 ( φ v y ) can be qualitatively explained from equation (1) . The mean shear rate γ in the microchannel is related to v y by γ ∝ v y [21] . In simple shear, the collision frequency will depend on γ as Θ i j ∝γ and the coalescence probability ln(p i j ) ∝γ −n . Korobko et al. found n = 1.5 ± 1 from experiments on coalescence in simple shear flow [14] . The flow in the microfluidic channel is not simple shear flow due to the large dispersed phase fractions, but qualitatively we would expect a similar scaling of the parameters in equation 1 in our system. Depending on the value of n, r i j may increase monotonously or pass through a maximum in a given range ofγ.
To account for the effect of droplet concentrations on the coalescence rate, we calculate the specific coalescence rate q 11 = r 11 / n 1 2 . n 1 is the mean concentration of droplets with volume V 1 in the collision channel. q 11 is formally equivalent to a second-order rate constant. Figure 3B displays q 11 as a function of the mean y-component of droplet velocity v y in the collision channel. From eq. (1), the decrease of q i j with v y indicates a decrease of the coalescence probability p i j with increasing v y , as Θ i j will increase with increasing v y .
Evaluation of the film drainage profiles and coalescence times
If experimental data for q i j is not available, then eq. (1) can, in principle, be used to predict q i j . For turbulent flow and laminar shear flow, analytical relations for the collision frequency Θ i j and contact time τ i j can be derived if the characteristic velocity variation ∆v between droplets in the flow is known. For the turbulent flow this property is related to the rate of energy dissipation ε through ∆v ∝ ε 1/3 [22] . For laminar shear flow the shear rateγ will determine the magnitude of ∆v, γ ∝ ∆v [15, 22] . For the coalescence time t c no general analytical equation can be derived, except for certain idealized situations, which are typically not encountered in applications. Hence, a possible experimental measurement of t c (∆v) can also be useful for coalescence modeling. We argue that the t c (∆v), which we measure, can also be used to describe coalescence in other flow conditions. On a microscopic scale the approach velocity and force will determine the timescale of coalescence, rather than the mechanism which is bringing the droplets together in the flow.
In this section, we will derive t c (∆v) from the recorded trajectories of coalescing droplets in the microchannels. Evaluation of the trajectories of colliding droplets permits to calculate the coalescence time t c , which we define as the time it takes the droplets to approach each other from a given initial distance h 0 to a critical thickness h c at which coalescence takes place, i.e. t c = h c h 0 dh/v f . In the equation, v f = −dh/dt denotes the velocity of drainage of the continuous phase film between the two droplets. Due to the limited spatial resolution of the microscope that was used in the experiments we cannot resolve the film drainage process until h c is reached, as h c < 100 nm [23] . We can, however, identify a coalescence event. The occurrence of coalescence indicates that h ≤ h c between two recorded frames, thus permitting to calculate t c ≈ (F(h 0 ) − F(h c ))/ f , whereas F indicates the frames with the relevant film thicknesses and f indicates the frame rate of the camera.
The inset in Figure 4 schematically displays the geometry of a pair of colliding droplets k and l. The film thickness can be calculated from h ≈ ((
In doing this, a spherical shape of the droplets is assumed. The validity of this assumption was checked by evaluation of the circularity parameter c = 4πA/P 2 . For circular objects, c = 1. It was found that for ∼ 90% of all analyzed droplets c was > 0.95, which indicated circular or almost circular shape of the droplets. Droplets for which c < 0.95 were discarded from the analysis.
As long as the droplets are still visibly separated, the drag force on a droplet will be balanced by the force exerted by the flow. Thus, we can calculate a relative initial approach or film thinning velocity of the droplets along the line connecting their center of mass v 0 = −dh/dt. From all the videos recorded for different flow conditions and dispersed phase fractions, the coalescence time of colliding droplets was evaluated. Only droplet pairs for which the initial separation distance was ≥ 30 µm were considered, in order to obtain enough data points to calculate v 0 . v 0 was calculated for each droplet pair as a mean value ∆h/∆t in the interval h 0 < h < 30 µm, whereas h 0 = d h /8, which is an estimate for the film thickness at which the film drainage rate becomes smaller than the shear-induced velocity bringing the droplets together [7] . The coalescence time was then calculated using the same definition of h 0 for the initial film thickness.
From all recorded videos, a total of ∼ 10000 film drainage profiles fulfilled the aforementioned criteria for evaluation. To each data point also a hydraulic droplet diameter d h and a dispersed phase volume fraction φ are assigned. Visual inspection of the data set indicated that there was a distribution of coalescence times for a given v 0 . These coalescence time distributions may depend on φ It was found that all n c (t c ) distributions calculated in this way could be well described by log normal distributions:
The expected value E t c and standard deviation σ t c of the distribution can be calculated from the parameters µ and σ , E t c = e µ+0.5σ 2 and σ t c = E t c e σ 2 − 1. From all the distributions obtained for the different φ i and v 0 j bins, we evaluate E t c and σ t c . E t c is shown in Figure 6 as a function of v 0 for the different φ i . It can be seen that E t c decreases weakly with increasing v 0 . From power law fits to the data series, we obtain E t c = (31.7 ± 2.8)
Hydrodynamical theory predicts t c ∝γ −0.5 in the limit of Ca = η c d hγ /σ → 0 [12] , and an increase of the exponent −0.5 to a maximum value of 0.5 for Ca → ∞ [7] . We can calculate a local shear rate of colliding droplets for our experiments froṁ Figure 4) . From plotting E t c vs. γ kl we obtain Even though we do not know why the coalescence time distribution can be described by a log-normal distribution, we think that the major reason for the existence of a rather wide distribution is that the droplets are moving in an external flow field. During the collision, the leading droplet will induce a wake which will effect the drag force acting on the trailing droplet [24] . Depending on the magnitude of the absolute velocities of the droplets and the collision angle, the wake effect can cause a net attraction or repulsion of the droplets [25] . The magnitude of the effect increases with decreasing h. Further, as the droplets are subjected to shear flow, droplet deformation during the collision can be expected to be asymmetrical. These factors will influence the timescale of film drainage and magnitude of droplet deformation. Additionally, the critical film thickness itself in a quiescent emulsion has a probability distribution, which contributes to the observed coalescence time distribution [3, 8] .
Conclusions and outlook
We have presented a method to evaluate the demulsification kinetics of liquidliquid mixtures. The coalescence rate in a hexadecane-in-water emulsion without added surfactant was measured, which is a parameter that has been difficult to obtain directly until now. Due to the simplicity of the experimental setup and the evaluation procedure, the method provides an easy-to-use diagnostic tool for the assessment of the stability of flowing dispersions. As the flow rates can be adjusted quickly, a complete set of coalescence parameters can be obtained as a function of the experimental variables d, φ and q t within a few hours. In the current design, the method is best suited for the investigation of oil-in-water emulsions. For crude-oil-production, the breakup of water-in-oil emulsions is equally important. When using glass chips, the channels can be made temporarily hydrophobic in a simple manner by adsorption of alkylsilanes on the glass surface for the duration of an experiment [26] , to enable the formation of water droplets. Alternatively, the microstructures can be made from hydrophobic materials [27] .
The measured coalescence times are smaller than the residence times of the droplets in the collision channels, which in our experiments ranged from 0.1 to 2 seconds, depending on the fluid flow rate. If the viscosity of the continuous phase is increased, or surfactant is present in the system, then the coalescence time will be increased [8] . For these systems, the length of the collision channel can be increased to increase the residence time of the droplets.
The range of accessible hydraulic diameters is currently limited due to the droplet being squeezed into a disk-like shape in the collision channel. This issue may be solved by producing microstructures with a non-uniform depth, where the height of the collision channel will be several times larger than the height of the T-junction. This will allow the droplet to take on a spherical shape, thus increasing its hydraulic diameter.
